1. Introduction {#sec0005}
===============

Arterial thrombus formation is a pathological process involving multiple components of the hemostatic system including platelets and other blood cells, blood coagulation and fibrinolytic proteins, and the vessel wall \[[@bib0005],[@bib0010]\]. The plasma contact activation and kallikrein/kinin systems were initially proposed as part of the hemostatic pathways based on their influence on clinical blood coagulation laboratory testing, but now are recognized as being dispensable for normal hemostasis \[[@bib0015]\]. This assessment is supported by clinical observations that total deficiencies of proteins \[factor XII (FXII) \[[@bib0020]\], prekallikrein \[[@bib0025],[@bib0030]\] or high-molecular-weight kininogen (HMW-kininogen) \[[@bib0035],[@bib0040]\]\] from the contact activation and kallikrein/kinin systems in humans influence thrombosis risk but do not lead to bleeding states \[[@bib0015]\]. There is an increased interest in components from these systems such as FXII, prekallikrein, and HMW-kininogen as potential safe anti-thrombotic targets \[[@bib0045]\] because their gene-deleted mice have reduced risk to induced thrombosis. The presumed mechanism for thrombosis reduction is that there is less contact activation of FXII by direct loss of FXII or indirect decrease in its activation due to prekallikrein or HMW-kininogen deficiency, both leading to reduced factor XI (FXI) or factor IX (FIX) activation and, in turn, thrombin generation. However, our investigations indicate that in prekallikrein (*klkb1^−/−^*) and bradykinin B2 receptor (BDKRB2) *(bdkrb2^−/−^*) deficient mice, there are other mechanisms in addition to reduced contact activation that influence thrombosis risk. In *klkb1^−/−^* and *bdkrb2^−/−^* mice, the absence of prekallikrein and BDKRB2 leads to increased expression of the vascular receptors of the renin-angiotensin system, Mas and the angiotensin II receptor type 2 (AT2R), that lead to elevated nitric oxide (NO) and prostacyclin (PGI~2~) that influence thrombus formation \[[@bib0025],[@bib0050]\]. The thrombo-protective effect of PGI~2~ involves both the well-established platelet inhibition and a newly appreciated vasoprotection mechanism mediated by transcription factor sirtuin 1 (silent mating type information regulation 2 homolog 1, SIRT1). This latter mechanism will be the focus of this discussion.

This review will sequentially delineate these pathways by discussing the anti-thrombotic potential of Mas receptor in the context of the kallikrein/kinin system and renin-angiotensin system interactions, the roles of SIRT1 in Mas-mediated vasoprotection against thrombosis, and finally the findings in the murine models of prekallikrein and BDKRB2 deletions.

2. Vascular components of the kallikrein/kinin and renin-angiotensin systems {#sec0010}
============================================================================

Although recognized as a plasma proteolytic system, the kallikrein/kinin system influences vascular homeostasis. The plasma protein components of this system \[including zymogen prekallikrein or enzyme plasma kallikrein, HMW-kininogen and its cleaved form (cleaved HMW-kininogen), and bradykinin which is the major cleavage product of HMW-kininogen by plasma kallikrein\] interact with receptors on the vessel wall. HMW-kininogen has at least 3 binding partners and putative receptors on the vessel wall, the urokinase plasminogen activator receptor (uPAR), gC1q receptor (gC1qR), and cytokeratin 1 (CK1) \[[@bib0055]\]. Prekallikrein and plasma kallikrein binds to cells *via* HMW-kininogen or directly to as yet unknown sites. FXI and its active form FXIa compete prekallikrein binding to HMW-kininogen on cells, but since the plasma concentration of prekallikrein is an order of magnitude higher than FXI, prekallikrein is the dominate ligand. Additionally, FXII also binds to and competes HMW-kininogen binding to uPAR, gC1qR, and CK1. The product of plasma kallikrein cleavage of HMW-kininogen, bradykinin, binds to two G-protein coupled receptors (GPCRs), the BDKRB2 that is constitutively present on the vessel wall and the bradykinin B1 receptor (BDKRB1) that arises in inflammatory states. This review will focus on the anti-thrombotic property of vascular beds and examine the pathways related to contact pathway protein interactions with the vessel wall. The vessel wall maintains several anti-thrombotic mechanisms to keep the circulation system in a quiescent state \[[@bib0060]\]. These include but are no means complete endothelial-derived NO \[[@bib0065]\] and PGI~2~ \[[@bib0070],[@bib0075]\], anticoagulant glycosaminoglycans \[[@bib0080]\], transmembrane protein thrombomodulin \[[@bib0085]\], and tissue plasminogen activator (tPA) \[[@bib0090]\]. It is in the context of NO and PGI~2~ production and tPA liberation that the GPCRs of the kallikrein/kinin and renin-angiotensin systems are part of the intravascular regulators of thrombotic risks \[[@bib0095]\] ([Fig. 1](#fig0005){ref-type="fig"} ).Fig. 1**The regulation of thrombotic risks by the contact activation system, the kallikrein/kinin system and the renin-angiotensin system**. The kallikrein/kinin system interacts with both the contact activation and renin-angiotensin systems at multiple levels. On one hand, pathological activation of FXII into FXIIa on contact surface is accelerated by components from the kallikrein/kinin system such as prekallikrein and HMW-kininogen in a reciprocal manner. In this process prekallikrein is activated into plasma kallikrein which cleaves HMW-kininogen to liberate bradykinin to promote inflammation. FXIIa initiates the intrinsic coagulation cascade through FXIa leading to thrombin generation, which promotes thrombosis by activating platelets and generating fibrin. In this context the kallikrein/kinin system increases thrombotic risks (**light orange box on the left**). On the other hand, the kallikrein/kinin system influences vascular homeostasis and counteracts with the renin-angiotensin system at the level of vascular receptors. HMW-kininogen binds to a triple-receptor complex including uPAR/gC1qR/CK1 on endothelial cells to stimulate angiogenesis and cell proliferation. Physiological activation of prekallikrein by PRCP on endothelial cells also release bradykinin, whose local delivery to BDKRB1 or BDKRB2 causes vasodilation, produces NO, PGI~2~ and tPA, and reduces thrombosis by inhibiting platelet activation and tissue factor expression. In addition, the kallikrein/kinin system counterbalances with the renin-angiotensin system at multiple layers. ACE degrades bradykinin but also generates Ang II from Ang I. Ang II and its breakdown product by ACE2 or PRCP, Ang-(1−7), bind to AT2R and Mas, respectively, to induce a similar anti-thrombotic activity as BDKRB1 and BDKRB2. However, binding to Ang II to its dominant receptor AT1R causes vasoconstriction, elevates blood pressure, and increases thrombosis by producing tissue factor and PAI-1. In this context, the kallikrein/kinin system decreases thrombotic risks independent of the contact activation system but through interactions with the renin-angiotensin system (**blue box on the right**). uPAR: the urokinase plasminogen activator receptor; gC1qR: gC1q receptor; CK1: cytokeratin 1; FXII: coagulation factor XII; FXIIa: activated factor XII; PRCP: prolycarboxypeptidase; HMW-kininogen: high-molecular-weight kininogen; BDKRB2: bradykinin B2 receptor; tPA: tissue-type plasminogen activator; ACE: angiotensin converting enzyme; ACE2: angiotensin converting enzyme2; Ang II: angiotensin II; Ang-(1−7): angiotensin-(1−7); AT2R: angiotensin II receptor type 2; AT1R: angiotensin II receptor type 1; NO: nitric oxide; PGI~2~: prostacyclin; PAI-1: plasminogen activator inhibitor-1; HBP: high blood pressure.Fig. 1

Although the contact activation and kallikrein/kinin systems are considered the same, each has a different role in vascular homeostasis. Activation of the contact activation system is a pathophysiological process initiated by the exposure of FXII to negatively charged surfaces such as polyphosphates, exosomes, denatured or foreign proteins, *e.g.*, bacterial cell wall, or artificial medical devices. Autoactivation of FXII into FXIIa converts prekallikrein to its active form plasma kallikrein, which further amplifies the FXII activation in a reciprocal manner \[[@bib0100]\]. HMW-kininogen is a cofactor for FXII and prekallikrein activation by accelerating their reciprocal activation. The subsequent cleavage of FXI by FXIIa triggers a proteolytic cascade of coagulation factors, leading to thrombin generation, which promotes thrombus formation by activating platelets and generating fibrin. Recently, plasma kallikrein has also been shown to activate FIX independent of FXIa, another pathway by which contact activation may influence thrombin formation \[[@bib0105],[@bib0110]\]. In addition to activation in pathologic states, the kallikrein/kinin system is physiologically activated by prolylcarboxypeptidase (PRCP), an endothelial cell membrane serine protease that activates prekallikrein independent of FXII \[[@bib0115], [@bib0120], [@bib0125]\]. Plasma kallikrein, generated either by FXIIa or PRCP, cleaves HMW-kininogen to liberate bradykinin, a vasoactive nonapeptide with a short half-life in the blood. As already stated above formed bradykinin has two vascular receptors: the constitutively expressed BDKRB2 and the BDKRB1 that is expressed during inflammatory condition \[[@bib0130]\]. As the end product of proteolytic activation of the kallikrein/kinin system, it is the local delivery of bradykinin to its receptors that stimulates endothelial production of NO, PGI~2~ and tPA \[[@bib0135], [@bib0140], [@bib0145], [@bib0150]\]. It is by this means that the kallikrein/kinin pathway additionally influences thrombosis independent of the coagulation and fibrinolytic systems initiated by contact activation. This recently appreciated pathway is the focus of this presentation ([Fig. 1](#fig0005){ref-type="fig"}).

The kallikrein/kinin system has multiple interactions with and counterbalances the renin-angiotensin system \[[@bib0155],[@bib0160]\] ([Fig. 1](#fig0005){ref-type="fig"}). One example is angiotensin converting enzyme (ACE). ACE, also known as kininase 1, not only generates angiotensin II (Ang II) from angiotensin I, but also is the major degrading enzyme of bradykinin into a pentapeptide Arg-Pro-Pro-Gly-Phe (bradykinin~1−5~). At micromolar concentrations, bradykinin~1−5~ is a direct thrombin inhibitor \[[@bib0165]\]. Another example is PRCP, a physiological prekallikrein activator, which, along with ACE2, degrades Ang II into angiotensin-(1−7) \[Ang-(1−7)\] \[[@bib0170]\]. Activation of the renin-angiotensin system is generally considered prothrombotic \[[@bib0175]\]. In opposition to bradykinin's anti-thrombotic effect, Ang II increases the risk of thrombosis by stimulating vascular tissue factor expression and plasminogen activator inhibitor-1 (PAI-1) release through its dominant receptor, angiotensin II receptor type 1 (AT1R) \[[@bib0180],[@bib0185]\]. Ang II also binds to another receptor, angiotensin II receptor type 2 (AT2R) with equal affinity to AT1R. If the AT2R is expressed in larger amounts than the AT1R, signals from Ang II binding to the AT2R are amplified leading to NO and PGI~2~ production \[[@bib0190]\] to reduce thrombosis risk. Additionally, the receptor for Ang-(1−7) is Mas, whose activation also stimulates NO and PGI~2~ production to inhibit thrombus formation \[[@bib0195]\]. Thus, there are four GPCRs whose activation stimulates NO and PGI~2~ production: BDKRB2, BDKRB1, AT2R, and Mas. Their role is to counterbalance the vasoconstrictive and prothrombotic activity of Ang II binding to the AT1R. In addition, the five GPCRs from the kallikrein/kinin and renin-angiotensin systems form functional homodimers \[*e.g.*, AT1R-AT1R \[[@bib0200]\]\] and heterodimers \[AT1R-BDKRB2 \[[@bib0205],[@bib0210]\], AT2R-BDKRB2 \[[@bib0215]\], BDKRB2-Mas \[[@bib0220]\], AT2R-Mas \[[@bib0225]\] *etc.*\] which influence the downstream signaling events by increasing or decreasing availability of the companion receptor in physiologic and pathophysiologic circumstances ([Fig. 1](#fig0005){ref-type="fig"}).

The aforementioned examples are just a few among many interaction points between the kallikrein/kinin system and the renin-angiotensin system. The counterbalancing influences of each of these systems on health and diseases have been documented and evidenced *in vitro* and *in vivo* in studies on gene-deleted animal models \[[@bib0160]\]. This review will specifically discuss the counterbalance between the bradykinin/BDKRB2 axis and the Ang-(1−7)/Mas axis in the regulation of vascular homeostasis and thrombotic risks.Table 1List of non-standard abbreviations.Table 1Abbreviation (gene name)Full nameFXII (*F12*)coagulation factor XIIFXIIaactivated factor XIIHMW-kininogenhigh-molecular-weight kininogenBDKRB2 (*Bdkrb2*)bradykinin B2 receptorBDKRB1bradykinin B1 receptorPRCPprolylcarboxypeptidaseACEangiotensin converting enzymeACE2angiotensin converting enzyme 2AT1Rangiotensin II receptor type 1AT2Rangiotensin II receptor type 2Ang IIangiotensin IIAng-(1−7)angiotensin-(1−7)uPARurokinase plasminogen activator receptorgC1qRgC1q receptorCK1cytokeratin 1tPAtissue-type plasminogen activatorPAI-1plasminogen activator inhibitor-1GPCRG-protein coupled receptorPPARperoxisome proliferator-activated receptorSIRT1sirtuin 1, silent mating type information regulation 2 homolog 1COX-2cyclooxygenase-2NF-κBnuclear factor-kappa BKLF4krüppel-like factor 4

3. Roles of Mas receptor, PGI~2~, and SIRT1 in thrombosis {#sec0015}
=========================================================

3.1. Mas receptor and thrombosis {#sec0020}
--------------------------------

Accumulating evidence demonstrates that the Ang-(1−7)/Mas axis has potent anti-thrombotic effect \[[@bib0195],[@bib0230]\]. Mas is the newest member of the GPCRs of the renin-angiotensin system \[[@bib0235]\] and is widely expressed in vascular cellular components including endothelial cells \[[@bib0240]\], vascular smooth muscle cells \[[@bib0245]\] and even platelets \[[@bib0250]\]. Intravenous infusion of Ang-(1−7) reduced thrombus formation through a mechanism that is believed to be mediated by Mas-derived NO and PGI~2~ \[[@bib0195]\]. The anti-thrombotic effects of Ang-(1−7) are abolished by Mas antagonist A-779 or combined pre-treatment with NO synthase inhibitor L-NAME and PGI~2~ synthase inhibitor indomethacin \[[@bib0255]\]. In addition, the anti-thrombotic effect of Ang-(1−7) involves platelet Mas receptors, whose activation increases NO production in platelets \[[@bib0250]\] and potentiates the anti-aggregatory effects of NO donors such as sodium nitroprusside \[[@bib0260]\]. Mas activation in endothelial cells initiates a signaling pathway involving PI3K/AKT/eNOS leading to NO production \[[@bib0265]\]. Mas stimulated PGI~2~ generation is through a signaling pathway including sequential activation of Ca^2+^/calmodulin-dependent protein kinase II (CaMKII) and mitogen-activated protein kinase (MAPK) that enhances the activity of cytosolic phospholipase A2 (cPLA~2~) to release arachidonic acid for PGI~2~ synthesis \[[@bib0270]\].

3.2. PGI~2~ and thrombosis {#sec0025}
--------------------------

As the key effector for Mas mediated thrombosis protection, PGI~2~ is the dominant eicosanoid released by blood vessels. PGI~2~ has two receptors, the cell surface IP receptor and the cytosolic peroxisome proliferator-activated receptor β/δ (PPARβ/δ). The classical understanding of the anti-thrombotic effect of PGI~2~ is based on its acute effects on suppressing calcium signaling and counteracting platelet-derived thromboxane A~2~ \[[@bib0275]\]. The surface IP receptor is coupled to adenylate cyclase, whose activation converts ATP into cyclic AMP (cAMP). Elevation of cAMP directly activates protein kinase A (PKA) \[[@bib0280]\] and exchange protein directly activated by cAMP (EPAC) \[[@bib0285]\]. The PKA pathway has a spectrum of substrates, whose phosphorylation leads to inhibition of intracellular calcium mobilization through multiple mechanisms such as blockade of calcium channels \[[@bib0290]\]. The EPAC pathway also inhibits calcium signaling through unknown mechanisms involving Ras-related protein 1 (Rap1) and Rap2 \[[@bib0295]\]. Inhibition of intracellular calcium mobilization in platelets and vascular smooth muscle cells leads to attenuated aggregation response \[[@bib0300]\] and vessel dilation, respectively, both of which contribute to the anti-thrombotic effects of PGI~2~. Like the surface IP receptor, the intracellular receptor PPARβ/*δ* has also been reported to regulate signaling events during platelet activation and vessel dilation \[[@bib0305], [@bib0310], [@bib0315]\].

In addition to its acute effect, PGI~2~ also exerts chronic genomic effects to influence vascular homeostasis. First, PGI~2~ binds to PPARβ/δ, which forms heterodimers with retinoid X receptor (RXR), regulating the transcriptional profile of vascular genes, such as those related to angiogenesis and thrombogenicity \[[@bib0320], [@bib0325], [@bib0330], [@bib0335], [@bib0340]\]. Second, the cAMP/PKA pathway downstream of the IP receptor activates cAMP response element-binding protein (CREB), which controls the promoter activity of vascular genes such as PAI-1, vascular endothelial growth factor (VEGF) \[[@bib0345]\] and NADPH oxidase 4 (Nox4) \[[@bib0350]\].

PGI~2~ is produced from arachidonic acid sequentially by cyclooxygenase and prostacyclin synthase \[[@bib0275]\]. Clinical and animal studies show that genetic deletion or chronic pharmacological inhibition of vascular cyclooxygenase-2 (COX-2) is associated with adverse cardiovascular events due to reduced PGI~2~ production \[[@bib0355],[@bib0360]\]. Emerging data demonstrate that the unconventional role of COX-2-derived PGI~2~ in the regulation of vasoprotective transcription factors presents an important anti-thrombotic mechanism. Ghosh et al. first showed that metabolizing of endocannabinoids 2-arachidonyl glycerol into PGI~2~ by endothelial COX-2 and prostacyclin synthase activates the transcriptional activity of PPARδ, which suppresses the expression of tissue factor \[[@bib0340]\], a critical cofactor to factor VIIa of the extrinsic coagulation cascade, the main physiologic hemostatic pathway. COX-2 inhibitors increase, whereas PPARδ activators decrease, the expression of tissue factor in lipopolysaccharide-treated endothelial cells and animals. A later study by Barbieri et al. showed that the absence of vascular COX-2, instead of platelet COX-2, is responsible for the enhanced thrombus formation in COX-2 depleted mice \[[@bib0335]\]. She further showed that COX-2 deficiency causes decreased expression of PPARδ and SIRT1, which leads to elevated vascular tissue factor activity, therefore increasing the risk of thrombosis. Treatment with an IP receptor or PPARδ antagonist leads to reduced SIRT1 expression, increased tissue factor activity, and enhanced thrombus formation \[[@bib0335]\], suggesting both PGI~2~ receptors in the vessels regulate downstream SIRT1 expression. A more recent study using endothelial-specific COX-2 knockout mice confirmed that endothelial COX-2 provides anti-thrombotic effects independent of plasma PGI~2~ level \[[@bib0070]\], indicating the effect of local produced PGI~2~ on the vasculature.

3.3. SIRT1 and thrombosis {#sec0030}
-------------------------

SIRT1 belongs to a family of class III histone deacetylases that catalyze the deacetylation of lysine residues on histones and other proteins. The enzymatic activity of sirtuins depends on nicotinamide adenine dinucleotide (NAD^+^). Sirtuins have important roles in the context of aging and metabolic diseases \[[@bib0365]\]. There are 7 mammalian orthologs, SIRT1−7, whose activation has been shown to provide cardiovascular benefits such as reducing endothelial dysfunction and thrombosis \[[@bib0370]\]. Breitenstein et al. showed that pharmacological inhibition or siRNA knockdown of SIRT1 promotes nuclear translocation and DNA binding of the p65 subunit of nuclear factor-kappa B (NF-κB), which increases tissue factor expression through enhanced promoter activity, and accelerates *in vivo* thrombus formation \[[@bib0375]\]. The mechanism is mediated by direct acetylation of Lys310 of the NF-κB/p65 subunit. The study by Wu et al. showed that after particulate exposure SIRT1 suppresses coagulopathy in the lung by upregulating the expression of Krüppel-like factor 2 (KLF2), an important transcription factor that regulates thrombomodulin expression \[[@bib0380]\]. Murine SIRT1 deficiency leads to increased NF-κB acetylation and activation, reduced KLF2 and thrombomodulin protein expression, and elevated fibrin generation in the lung along with reduced expression of tissue factor pathway inhibitor (TFPI) and increased PAI-1 activity. A recent study by Wu et al. showed that SIRT1 dependent deacetylation of transcription factor forkhead box protein O1 (FOXO-1) enhances autophagy, therefore reducing oxidized low-density lipoprotein (ox-LDL)-induced endothelial secretion of Von Willebrand factor and P-selectin, two critical proteins for thrombus formation \[[@bib0385]\]. In addition, the role of SIRT1 has also been implicated in deep vein thrombosis \[[@bib0390]\]. Resveratrol, a SIRT1 activator, suppresses the production of proinflammatory cytokines such as tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) through decreased acetylation of NF-κB/p65 subunit and thus inhibits stenosis-induced deep vein thrombosis in a rat model. In addition, SIRT3 has also been reported to prevent arterial thrombus formation through regulating neutrophil extracellular traps formation and plasma tissue factor activity \[[@bib0395]\].

4. Evidence from the prekallikrein and BDKRB2 deficient mice {#sec0035}
============================================================

The aforementioned regulatory components controlling thrombus formation constitute a novel pathway *via* the interactions between the kallikrein/kinin and renin-angiotensin systems, the Mas receptor, and PGI~2~ to regulate thrombotic risk. This pathway was not obvious, but was revealed by detailed mechanistic investigations on two murine models: prekallikrein knockout (*klkb1^−/−^*) and BDKRB2 knockout (*bdkrb2^−/−^*) mice, both of which have reduced arterial thrombotic risk \[[@bib0025],[@bib0050],[@bib0400]\]. This pathway is a non-canonical mechanism by which the kallikrein/kinin system influences thrombotic risk independent of the contact activation system which is based upon contact activation of FXII leading to thrombin generation through FXIa. In this non-canonical pathway that leads to reduction in thrombosis risk, GPCRs from the renin-angiotensin system produce elevated PGI~2~ levels that 1) suppresses vessel wall tissue factor through elevated SIRT1 and 2) produces increased platelet inhibition. Both processes correlate with ambient prostacyclin levels. The following paragraphs discuss this pathway through the characterization of these murine gene-deletion models ([Fig. 2](#fig0010){ref-type="fig"} ).Fig. 2**Novel mechanisms of thrombosis reduction in *bdkrb2^−/−^* mice and *klkb1^−/−^* mice**. In *bdkrb2^−/−^* mice (**top portion**) BDKRB2 depletion leads to complete absent bradykinin/BDKRB2 signaling, whereas in *klkb1^−/−^* mice (**bottom portion**) prekallikrein depletion causes attenuated bradykinin formation and reduced BDKRB2 expression. Both mice have defective bradykinin/BDKRB2 signaling resulting in compensatory overexpressed Mas receptor. In *bdkrb2^−/−^* mice, AT2R receptor is also overexpressed along with elevated plasma Ang II and Ang-(1−7) levels due to heightened ACE activity. In *klkb1^−/−^* mice, AT2R is decreased with unchanged plasma Ang-(1−7) level. Therefore, the Ang-(1−7)/Mas axis is enhanced in both mice to produce graded elevation of plasma PGI~2~ depending on the extend of bradykinin/BDKRB2 deficiency. A 2∼3-folder higher level of PGI~2~ due to complete absent bradykinin/BDKRB2 signaling in *bdkrb2^−/−^* mice causes a platelet activation defect associated with prolonged bleeding, whereas a 0.5∼1-fold higher PGI~2~ due to modest deficiency of the bradykinin/BDKRB2 signaling in *klkb1^−/−^* mice leads to increased SIRT1 and KLF4 expression and reduced vascular tissue factor expression and fibrin formation without reducing platelet function and hemostasis. Both mechanisms independently contribute to thrombosis reduction. uPAR: the urokinase plasminogen activator receptor; gC1qR: gC1q receptor; CK1: cytokeratin 1; HMW-kininogen: high-molecular-weight kininogen; BDKRB2: bradykinin B2 receptor; Ang II: angiotensin II; Ang-(1−7): angiotensin-(1−7); AT2R: angiotensin II receptor type 2; PGI~2~: prostacyclin; SIRT1: sirtuin 1; KFL4: Krüppel-like factor 4.Fig. 2

4.1. A thrombo-protective mechanism independent of the contact activation system {#sec0040}
--------------------------------------------------------------------------------

*Klkb1^−/−^* and *bdkrb2^−/−^* mice have delayed occlusion in the carotid artery on ferric chloride- and rose bengal-induced thrombosis models \[[@bib0025],[@bib0050],[@bib0400]\]. The prolonged occlusion time in *bdkrb2^−/−^* mice is recapitulated in wild-type mice treated with HOE-140 \[[@bib0400]\], a BDKRB2 antagonist, indicating a mechanism involving defective bradykinin signaling. Although *klkb1^−/−^* mice have expected attenuated plasma contact activation as indicated by prolonged activated partial thromboplastin time (aPTT), reduced thrombin generation induced by the contact pathway, and decreased edema in the lung upon collagen/epinephrine insult, these mice, unlike FXII deficient (*f12^−/−^*) mice \[[@bib0405],[@bib0410]\], do not have a survival advantage over wild-type mice when challenged on a pulmonary embolism model induced by collagen/epinephrine or long chain polyphosphate, potent activators of contact pathway \[[@bib0415]\]. In addition, reconstitution with purified prekallikrein in *klkb1^−/−^* mice was unable to correct their thrombosis delay. These combined observations suggest that the thrombo-protective mechanisms in these two mouse strains are independent of the contact activation system.

4.2. Ang-(1−7)/Mas axis compensates bradykinin/BDKRB2 axis {#sec0045}
----------------------------------------------------------

*Klkb1^−/−^* mice have significantly reduced plasma bradykinin (∼40 % of wild-type) and renal BDKRB2 mRNA (∼20 % of wild-type) \[[@bib0025]\]. Thus, both *klkb1^−/−^* and *bdkrb2^−/−^* mice have compromised constitutive bradykinin signaling through BDKRB2 due to attenuated bradykinin generation from plasma kallikrein \[[@bib0025]\] and/or absence of BDKRB2 receptor, respectively \[[@bib0255]\]. In *bdkrb2^−/−^* mice accumulation of unmetabolized bradykinin presumably heightens ACE activity which generates elevated plasma Ang II and its breakdown product Ang-(1−7) \[[@bib0050]\]. In addition, the mRNA and protein expression of the receptors for Ang II and Ang-(1−7), AT2R and Mas, respectively, are increased in *bdkrb2^−/−^* mice. In *klkb1^−/−^* mice the attenuated plasma bradykinin level leads to reduced renal ACE and AT2R mRNA, but increased Mas mRNA and protein with unchanged Ang-(1−7) levels. As described above both the bradykinin/BDKRB2 axis of the kallikrein/kinin system and Ang-(1−7)/Mas axis of the renin-angiotensin system have similar effects on vascular homeostasis \[[@bib0095],[@bib0195]\]. In addition, the BDKRB2 and Mas crosstalk by forming functional heterodimers that influence the downstream signaling events \[[@bib0220]\]. Therefore, inactivation of bradykinin/BDKRB2 axis results in a compensatory counter-activation of Ang-(1−7)/Mas axis to maintain physiological homeostasis \[[@bib0155]\]. Indeed, both *klkb1^−/−^* and *bdkrb2^−/−^* mice have enhanced activity of Ang-(1−7)/Mas axis producing elevated plasma PGI~2~ level as determined by 6-keto-PGF1α. Moreover, the Mas antagonist A-779 prevents the elevation of plasma PGI~2~ level. Importantly, the phenotype of delayed vessel occlusion in *klkb1^−/−^* and *bdkrb2^−/−^* mice is also corrected by A-779 treatment, further confirming the role of Mas in thrombosis protection.

4.3. Anti-thrombotic effects mediated by Mas-derived PGI~2~ {#sec0050}
-----------------------------------------------------------

Bradykinin/BDKRB2 axis signaling is completely absent in *bdkrb2^−/−^* mice but only attenuated in *klkb1^−/−^* mice. In accordance with this difference, *bdkrb2^−/−^* mice have significantly higher plasma level of 6-keto-PGF1α (259 ± 42 pg/mL) \[[@bib0050]\] than *klkb1^−/−^* mice (129 ± 12 pg/mL) \[[@bib0025]\], although both are higher than wild-type mice (75 ± 10 pg/mL). Treatment with a COX-2 inhibitor nimesulide significantly shortens the occlusion time both in *klkb1^−/−^* and in *bdkrb2^−/−^* mice. However, the mechanisms by which the elevated PGI~2~ inhibits thrombosis are different in these two mouse strains. In *bdkrb2^−/−^* mice where plasma 6-keto-PGF1α is 2.5-fold higher than in wild-type, a platelet function defect specific to glycoprotein VI (GPVI) and prolonged tail bleeding time are observed. *Bdkrb2^−/−^* platelets have reduced integrin activation and P-selectin exposure in response to collagen-related peptide or convulxin. In addition, they also have decreased spreading on collagen, fibrinogen and GFOGER, a peptide agonist for β1 integrin. Treatment with A-779 or nimesulide *in vivo* corrects the defective platelet spreading, integrin activation and P-selectin exposure, and shortens the tail bleeding time in *bdkrb2^−/−^* mice \[[@bib0050],[@bib0400]\]. Mechanistically, the platelet GPVI defect is associated with reduced phosphorylation of spleen tyrosine kinase (Syk), which is recapitulated by *in vitro* treatment with a prostacyclin analog carboprostacyclin, but not with a NO donor DEA NONOate. These data suggest the acquired platelet defect is due to elevated PGI~2~ instead of NO in *bdkrb2^−/−^* mice. Taken together these data in *bdkrb2^−/−^* mice have established a clear pathway through which overexpressed Mas-derived PGI~2~ inhibits platelet functions. However, in *klkb1^−/−^* mice where plasma PGF1α is only 0.7-fold higher than wild-type, the anti-thrombotic effects of PGI~2~ is mediated not by platelet inhibition but by an unconventional mechanism through PGI~2~/SIRT1/tissue factor pathway.

4.4. Mas/PGI~2~/SIRT1 pathway inhibits tissue factor expression {#sec0055}
---------------------------------------------------------------

Since *klkb1^−/−^* mice have a normal tail bleeding time and normal platelet functions in response to major agonists including thrombin, ADP and collagen, we sought a mechanism whereby the inhibited thrombus formation mediated by some elevation of PGI~2~ is independent of a platelet defect. In accordance with an established role of PGI~2~ in SIRT1 expression \[[@bib0335]\], we observed that *klkb1^−/−^* mice have increased aortic mRNA and protein expression of SIRT1 and Krüppel-like factor 4 (KLF4), whose expressions are inhibited by *in vivo* treatment with nimesulide \[[@bib0025]\]. Both SIRT1 and KLF4 inhibit NF-κB activation and tissue factor expression by direct deacetylation of p65 subunit or interacting with its cofactor p300 \[[@bib0375],[@bib0420]\]. As a result of increased SIRT1 and KLF4, *klkb1^−/−^* mice have reduced vascular tissue factor mRNA and antigen, which are reversed by nimesulide treatment. In addition, *klkb1^−/−^* mice also have reduced tissue factor activity in the vessel wall as determined by chromogenic assay. Reduction of vascular tissue factor antigens is reflected on the decreased endogenous blood-borne tissue factor activity, which is mainly tissue factor-bearing microparticles derived from platelets, leukocytes and vascular cells \[[@bib0425], [@bib0430], [@bib0435]\]. In the presence of rHA-infestin-4, a FXIIa inhibitor blocking contact activation \[[@bib0440]\], and without adding exogenous tissue factor, plasma from *klkb1^−/−^* mice have significantly reduced thrombin generation induced by endogenous tissue factor compared to wild-type mice. These findings in *klkb1^−/−^* mice reveal a novel mechanism by which inhibited vascular tissue factor expression by Mas/PGI~2~/SIRT1 pathway alone is sufficient to reduce thrombotic risk without compromising hemostasis. It should be noted that there is also increased SIRT1 and KLF4 mRNA in the aorta of *bdkrb2^−/−^* mice in addition to their platelet function defect, suggesting the Mas/PGI~2~/SIRT1 pathway also is operative in the vessels of these mice. This proposed anti-thrombotic pathway in *bdkrb2^−/−^* mice has not been fully evaluated yet.

5. Conclusion {#sec0060}
=============

In summary, the combined research in *klkb1^−/−^* and *bdkrb2^−/−^* mice has revealed a novel pathway for thrombosis regulation. This pathway is a previously unappreciated mechanism by which Ang-(1−7)/Mas axis compensates for the defective bradykinin/BDKRB2 axis *in vivo* to produce a graded elevation of PGI~2~, leading to graded protection against thrombosis. On one hand, complete bradykinin/BDKRB2 signaling deficiency causes increased Ang II and Ang-(1−7) and overexpressed AT2R and Mas to generate 2∼3-folder higher level of PGI~2~, which produces an acquired platelet function defect specific to GPVI inhibition. On the other hand, a modest deficiency of bradykinin/BDKRB2 signaling caused by reduced BDKRB2 expression and diminished bradykinin generation due to lack of plasma kallikrein, leads to overexpressed Mas without altering Ang-(1−7), generating 0.5∼1-fold higher PGI~2~, which elevates the expression of vasoprotective transcription factors such as SIRT1 and KLF4 to inhibit vascular tissue factor expression. Both pathways exert potent anti-thrombotic effects although the former one is associated with prolonged bleeding time due to platelet inhibition while the later one does not inhibit platelet function, but has vasoprotective effects ([Fig. 3](#fig0015){ref-type="fig"} ). The aforementioned observations and mechanisms are just the beginning of an emerging area in the research of thrombosis regulation. Ongoing studies aim to dissect this system in a stepwise manner to elaborate the detailed molecular mechanisms. Understanding these mechanisms will help develop novel anti-thrombotic strategies. Targeting the vascular receptors in the renin-angiotensin and the kallikrein/kinin systems has the potential to prevent thrombosis without increasing bleeding risk and maintain healthy vascular homeostasis to reduce the likelihood of vascular diseases such as myocardial infarction and stroke and to understand emerging disorders such as COVID-19 and their coagulopathies.Fig. 3**Balanced interaction between the bradykinin/BDKRB2 axis and the Ang-(1**−**7)/Mas axis in the regulation of thrombosis**. Overexpressed Mas receptor compensates the defective bradykinin/BDKRB2 signaling to maintain healthy vascular homeostasis, which leads to elevated plasma PGI~2~ level to reduce thrombotic risks by two independent mechanisms: (1) inhibiting platelet GPVI and thus platelet activation and (2) increasing SIRT1 and decreasing vascular tissue factor. BDKRB2: bradykinin B2 receptor; Ang II: angiotensin II; Ang-(1−7): angiotensin-(1−7); AT2R: angiotensin II receptor type 2; PGI~2~: prostacyclin; SIRT1: sirtuin 1; GPVI: glycoprotein VI.Fig. 3
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